The pdb file of the integrin structures used for MDS is available at the following link: <https://www.researchgate.net/publication/332061683_Integrin_alphaIIb_beta3>.

Introduction {#sec001}
============

The heterodimeric platelet receptor integrin αIIbβ3 mediates cell adhesion and plays a critical role in hemostasis and clot formation \[[@pone.0214969.ref001], [@pone.0214969.ref002]\]. Therefore, regulating the activity of αIIbβ3 is essential for platelet stimulation and prevention of their uncontrolled aggregation \[[@pone.0214969.ref003], [@pone.0214969.ref004]\]. The expression of αIIbβ3 is restricted to megakaryocytes, where the two subunits are assembled in the endoplasmic reticulum. After post-translational processing in the Golgi apparatus, the 235 kDa protein, comprised of 1827 amino acids, translocates to the platelet surface and is expressed with approximately 80,000 copies per platelet \[[@pone.0214969.ref005]\].

Integrin αIIbβ3 is a bidirectional receptor that undergoes *outside-in* and *inside-out* signaling and is present in at least three different conformations as demonstrated by cryo-electron microscopy (EM), negatively stained EM or by nuclear magnetic resonance \[[@pone.0214969.ref006]--[@pone.0214969.ref008]\]: i) the bent (resting) low affinity state; ii) the intermediate extended state (opening); and iii) the ligand-occupied high affinity active form \[[@pone.0214969.ref009]\].

Divalent ions have been widely shown to be essential for integrin function, stabilization of subunit interaction, regulation of ligand binding and consequently for the activation of the protein. The addition of EDTA removes divalent cations (i.e. Ca^2+^, Mg^2+^) from their binding sites and leads to the inhibition of integrin-ligand binding \[[@pone.0214969.ref010]\]. By contrast, the non-physiological stimulation by manganese ions (Mn^2+^) shifts integrin into its high affinity conformation by potential opening of the hinge angle at the hybrid domain and alters the cation coordination in the β3 A-domain by binding to the metal ion-dependent adhesion site (MIDAS) \[[@pone.0214969.ref002], [@pone.0214969.ref010], [@pone.0214969.ref011]\], as illustrated in [Fig 1](#pone.0214969.g001){ref-type="fig"}.

![Schematic illustration of the proteoliposomes and structure of integrin αIIbβ3.\
A) Schematic illustration of the proteoliposomes as obtained after the reconstitution procedure before adsorption on SiO~2~ surface. αIIbβ3 (αIIb-subunit in blue and β3-subunit in orange) is reconstituted into liposomes and treated with Triton X-100 as well as biobeads and activated by manganese ions (Mn^2+^) or drugs. B) Structure of αIIbβ3 in bent (left) and open/active (right) conformation in a DMPG:DMPC (1:20) lipid membrane (cyan). The integrin model combines the αIIbβ3 transmembrane domain (PDB-code 2k9j) and ectodomain (PDB-code 3fcs), missing residues were added as random coils. The VMD 1.9. and PyMOL 2.1. softwarepackages were used to create this figure.](pone.0214969.g001){#pone.0214969.g001}

However, the physiological activation of αIIbβ3 in platelets is mediated by talin-1 that links the integrin cytoplasmic domain to the actin cytoskeleton and initiates unclasping between the two cytoplasmic tails of αIIb- and β3-subunits. Talin-1 triggers conformational changes in the extracellular domain, which is associated with the *inside-out* signaling \[[@pone.0214969.ref011]\], such as the translocation of helix-7 within β3 A-domain and the repositioning of the plexin-semaphorin-integrin (PSI) and the hybrid domain \[[@pone.0214969.ref002], [@pone.0214969.ref008], [@pone.0214969.ref011]\]. After opening, integrin is able to bind e.g. fibrinogen *via* the RGD (arginine-glycine-aspartate) binding pocket, and this activates intracellular signaling pathways and leads to platelet aggregation (*outside-in* signaling) \[[@pone.0214969.ref012]\]. Besides these major changes in the tertiary structure of αIIbβ3, the transition between the position of the different domains during activation could lead to alterations in secondary structure. However, this was not studied so far in a membrane environment.

The conformation-specific antibody PAC-1 (IgM) binds only to the activated integrin αIIbβ3. The binding takes place at the fibrinogen binding site in the head domain formed by α and β subunits \[[@pone.0214969.ref013], [@pone.0214969.ref014]\]. Bhoria et al. used this antibody PAC-1 to show that platelets from patients affected by immune thrombocytopenia (ITP) exist in an activated state \[[@pone.0214969.ref015], [@pone.0214969.ref016]\]. Besides the platelet glycoprotein Ibα, integrin αIIbβ3 is the major antigen targeted by autoantibodies in ITP. Additionally, in secondary ITP, several drugs are potential candidates for inducing conformational changes in αIIbβ3. Examples are the anti-malaria drug quinine, or αIIbβ3 inhibitors such as eptifibatide, tirofiban and abciximab \[[@pone.0214969.ref017]\]. Similarly, unfractionated heparin (UFH), which is widely used as an anticoagulant in clinics, causes activation of αIIbβ3, platelet aggregation and increased affinity to its physiological ligand fibrinogen \[[@pone.0214969.ref018]--[@pone.0214969.ref020]\]. UFH, low-molecular weight heparins and the synthetic pentasaccharide fondaparinux induce *outside-in* signaling and consequently lead to platelet activation \[[@pone.0214969.ref019], [@pone.0214969.ref020]\]. Heparin binding is blocked by αIIbβ3 antagonists \[[@pone.0214969.ref021], [@pone.0214969.ref022]\]. This indicates that αIIbβ3 is activated by drugs, and this interaction induces structural changes, activation or even expression of cryptic epitopes (i.e. hidden binding sites) of the integrin.

Here, we study in a membrane environment the activation of αIIbβ3 reconstituted into liposomes, upon treatment with Mn^2+^, quinine and heparins and investigate the related changes in the protein structure using various biophysical methods and molecular dynamics simulations.

Results {#sec002}
=======

αIIbβ3 was reconstituted into a membrane environment (i.e. liposomes) and treated with Mn^2+^ or clinically relevant drugs (UFH, fondaparinux and quinine), as shown schematically in [Fig 1A](#pone.0214969.g001){ref-type="fig"}. The activation (opening) of integrin ([Fig 1B](#pone.0214969.g001){ref-type="fig"}) was determined by the binding of the conformation-specific antibody PAC-1 that is only interacting with the extended, active form of αIIbβ3.

Validation of αIIbβ3 reconstitution into liposomes {#sec003}
--------------------------------------------------

The successful protein reconstitution into liposomes was validated by several techniques. [Fig 2A](#pone.0214969.g002){ref-type="fig"} presents TEM images of DMPG:DMPC vesicles with reconstituted protein (proteoliposomes). The inset shows spherical proteoliposomes with visible globular heads and stalk domains of the ectodomain of αIIbβ3 at the rim as indicated by the black arrow. By dynamic light scattering (DLS) it was demonstrated that the diameter of the proteoliposomes (255 ± 16.6 nm) was significantly larger than that of bare liposomes (161 ± 1.3 nm) ([Fig 2B](#pone.0214969.g002){ref-type="fig"}). The presence of the αIIb- and/or β3-subunits in the liposomes was verified by flow cytometry ([Fig 2C](#pone.0214969.g002){ref-type="fig"}) and SDS-PAGE ([Fig 2D](#pone.0214969.g002){ref-type="fig"}). Bare fluorescently labelled PE CF-liposomes show low unspecific staining by anti-CD41 antibody (anti-αIIb-subunit) and anti-CD61 antibody (anti-β3-subunit), whereas over 80% of the PE CF-proteoliposomes are CD41 and CD61 positive ([Fig 2C](#pone.0214969.g002){ref-type="fig"}). Moreover, both subunits migrated in a denaturating SDS-PAGE as two visible bands at 105 kDa (red arrow, αIIb-subunit) and 90 kDa (blue arrow, β3-subunit) in the proteoliposome sample, but not in the bare liposome fraction ([Fig 2D](#pone.0214969.g002){ref-type="fig"}).

![Validation of αIIbβ3 reconstitution into liposomes.\
A) TEM images of proteoliposomes. The inset shows a close-up view of αIIbβ3 (indicated by arrow) incorporated in a membrane environment. B) DLS data showing the hydrodynamic diameter of liposomes (black) and proteoliposomes (red) of three independent experiments measured in liposome buffer at 37°C. C) Statistical analysis of FACS-plots with liposomes and proteoliposomes from three independent measurements. Percentages of the mean ± standard error of the mean (SEM) of anti-CD41 (red) and anti-CD61 binding (blue) on PE CF- liposomes were plotted. D) Reductive SDS-PAGE of liposomes (-) and proteoliposomes (+), protein molecular weight standard (M) is shown on the left. The bands corresponding to the αIIb- (red) and β3-subunit (blue) are indicated by arrows.](pone.0214969.g002){#pone.0214969.g002}

Monitoring the Mn^2+^-induced activation of αIIbβ3 in proteoliposomes by different methods {#sec004}
------------------------------------------------------------------------------------------

We further addressed the activation state of αIIbβ3 in the liposomes by an activation assay with the conformation-specific antibody PAC-1. [Fig 3A](#pone.0214969.g003){ref-type="fig"} shows a substantially greater binding of PE CF-fluorescently labelled proteoliposomes to PAC-1 coated on a microtiter plate after incubation with Mn^2+^ (red) compared to EDTA-treated proteoliposomes (blue). However, also without any additives, binding of PAC-1 to proteoliposomes was increased. By contrast, the flow cytometry measurements with PE CF- proteoliposomes, standard buffer conditions show 2% binding of PAC-1, whereas Mn^2+^-treated liposomes show 25% binding ([Fig 3B](#pone.0214969.g003){ref-type="fig"}). Additionally, no binding of PAC-1 could be observed in proteoliposomes incubated with EDTA. Furthermore, PAC-1 binding was addressed by the complementary biophysical method quartz crystal microbalance with dissipation monitoring (QCM-D), which detects vesicle rupture and lipid bilayer formation, as well as mass adsorption (frequency *f*) and viscoelastic properties (dissipation *D*) \[[@pone.0214969.ref023]\]. [Fig 3C](#pone.0214969.g003){ref-type="fig"} displays the changes in *f* (Δ*f*, top) and *D* (Δ*D*, bottom) upon PAC-1 binding to proteoliposomes under different conditions. After a baseline was reached (phase I), samples (liposomes or proteoliposomes) were injected (phase II). Both bare liposomes and proteoliposomes show a strong binding to the SiO~2~ substrate as indicated by the decrease in *f*, but only for proteoliposomes, a significant increase in *D* is observed. The *f* of pure liposomes (black) reaches a minimum and then increases again due to the release of enclosed aqueous buffer and levels out a stable value of -26 ± 0.2 Hz. The respective *D* signal shows a response of the opposite direction and reaches a baseline at 0.5 ± 0.1 x 10^−6^. However, proteoliposomes (green) display a constant decrease in *f*, that stabilizes at -53 Hz, and an increase in *D* up to 12 x 10^−6^. A schematic illustration of the setup in the flow chambers of the instrument is displayed in [S1 Fig](#pone.0214969.s001){ref-type="supplementary-material"}. Treatment of the proteoliposome bilayer with buffer containing Mn^2+^ (red) or EDTA (blue) led to a decrease in *f* of approximately 5 Hz and an increase in *D* of 2.5 x 10^−6^ for Mn^2+^ and 5 x 10^−6^ for EDTA due to the buffer injection (phase III), respectively. Subsequently, PAC-1 antibody (phase IV) was injected to determine the activation state of αIIbβ3. The integrin bilayer treated with Mn^2+^ (red) showed a decrease in *f* of 4 ± 0.3 Hz, whereas for the standard buffer treated bilayer (dark green) PAC-1 binding induces only 1.9 ± 0.7 Hz changes in *f*. EDTA treatment led to even lower changes in *f*. The respective *D* response is oppositely increasing. By contrast, in control experiments without protein (pink, light blue, black), neither changes of *f* nor *D* could be demonstrated in phase IV. Phase V corresponds to rinsing with the respective buffer.

![Activation of αIIbβ3.\
A) Activation assay using PAC-1 antibody. Each value is the mean of three replicate measurements ± SEM. The binding of PE CF-liposomes/proteoliposomes to 5 μg/mL PAC-1 coated on a microtiter plate was detected after incubation with buffer (green), 1 mM Mn^2+^ (red) and 5 mM EDTA (blue). Values of bare liposome samples were subtracted from proteoliposome values. The y-axis shows relative fluorescence units (RFU). B) Integrin activation investigated by flow cytometry with PE CF-liposomes (black)/proteoliposomes (red) by adding PAC-1-Alexa 647-coupled antibody. Percentages of the mean ± SEM of Alexa-647 signal of PE positive events incubated with buffer, Mn^2+^ and EDTA are shown. C) Representative QCM-D data showing the changes in frequency *f* (top) and dissipation *D* (bottom) of the seventh overtone for the binding of the conformation-specific antibody PAC-1 at 37°C. Buffer was injected over the SiO~2~ sensors (phase I) and after reaching a baseline liposomes or proteoliposomes were injected and the formation of a bilayer was observed (phase II). After a washing step with either liposome buffer, liposome buffer with 1 mM Mn^2+^, or 5 mM EDTA (phase III), PAC-1 antibody was injected (phase IV) and binding was observed (indicated by arrows). Rinsing with the respective buffer followed (phase V).](pone.0214969.g003){#pone.0214969.g003}

Changes in αIIbβ3 secondary structure reconstituted into liposomes and their correlation with protein activation {#sec005}
----------------------------------------------------------------------------------------------------------------

By CD spectroscopy we searched for correlations between the protein secondary structure of αIIbβ3 and its activation state. [Fig 4A](#pone.0214969.g004){ref-type="fig"} shows a representative far-UV CD spectrum of proteoliposomes in buffer (green), after treatment with Mn^2+^ (red) and with addition of 5 mM EDTA (blue). After Mn^2+^-treatment, the CD spectrum shows a decrease of amplitude, that can be almost recovered after EDTA treatment.

![CD spectra and MDS of αIIbβ3.\
A) Far-UV region CD spectra of αIIbβ3 reconstituted into liposomes in buffer (green), with addition of 1 mM Mn^2+^ (red) or 5 mM EDTA (blue). One representative spectrum recorded with proteoliposomes with a protein concentration of approximately 0.4 μM or liposomes in 5 mm path length cuvettes at 37°C is shown. Liposome spectra were subtracted from the respective proteoliposome spectra. B) MDS demonstrating the regions that changed drastically in the antiparallel β-sheet probability after removing all structural ions (right) or converting the three Ca^2+^ in the MIDAS, ADMIDAS and SyMBS to Mn^2+^ (left). The red and blue colored regions illustrate the formation or loss of β-sheets, respectively, compared to integrin with Ca^2+^ and Mg^2+^ metal ions only. In white or transparent regions, the β-sheet probability did not change.](pone.0214969.g004){#pone.0214969.g004}

Complementary to CD measurements, molecular dynamics simulation studies were carried out. All divalent ions were either removed or the three divalent ions in the MIDAS, the adjacent to MIDAS (ADMIDAS) and the synergistic metal ion-binding-side (SyMBS) of the β3-subunit were changed to Mn^2+^. Shifts in the β-sheet probability are illustrated in [Fig 4B](#pone.0214969.g004){ref-type="fig"}. Without any divalent ions, several β-sheets in the PSI-domain get destabilized, but new β-sheets are formed in the Calf-1 and 2 domain and existing ones extend in the hybrid domain. β-sheets in the β-propeller region are rearranged. Similar effects are observed after the exchange of the divalent ions in the three metal ion-binding sides comprising again rearrangement in the β-propeller domain, but elongation and formation of new sheets in the Calf-1 and EGF2-domain. The changes in the secondary structure content for both the experimental and the simulated approach are summarized in [S1 Table](#pone.0214969.s004){ref-type="supplementary-material"}. As detected by CD spectroscopy and supported by MDS results, the α-helical content is reduced by 0.6% and β-sheet content increases by 1% after addition of Mn^2+^. Treatment with EDTA leads to a small decrease in β-sheet content as shown by CD spectroscopy. By contrast, MDS results show an increase of 0.3% in β-sheet content after removal of divalent ions.

Drug-induced activation of αIIbβ3 and changes in protein secondary structure {#sec006}
----------------------------------------------------------------------------

QCM-D experiments reveal PAC-1 antibody binding to integrin reconstituted into phospholipid bilayers upon treatment with fondaparinux, UFH or quinine as indicated by changes in *f* and *D* ([Fig 5A](#pone.0214969.g005){ref-type="fig"} and [S2 Fig](#pone.0214969.s002){ref-type="supplementary-material"}). The frequency shifts after PAC-1 injection shown in [Fig 5A](#pone.0214969.g005){ref-type="fig"} for quinine (Δ*f* = 4.3 ± 0.3 Hz) and Mn^2+^ (4.0 ± 0.1 Hz) are comparable and greater than in the absence of drug or Mn^2+^. Fondaparinux and UFH (Δ*f* = 3.0 ± 0.7 Hz) do not significantly modify the binding of PAC-1 with respect to the control buffer (Δ*f* = 1.9 ± 0.7 Hz), and after complexing the Mn^2+^ by EDTA, only half of the signal is found than with buffer alone.

![αIIbβ3 activation by drugs.\
A) Changes in frequency (Δ*f*) and dissipation (Δ*D*) after PAC-1 injection event (indicated by the respective arrows) in representative QCM-D experiments with proteoliposomes after treatment with buffer (green), 1 mM Mn^2+^ (red), 250 μg/mL fondaparinux (purple), 50 μg/mL quinine (black), 250 μg/mL UFH (blue) and 5 mM EDTA (light blue) for at least 15 min at 37°C. B) Drug activation assay using PAC-1 antibody. Each value is the mean of three replicate measurements ± SEM. The binding of PE CF-liposomes/proteoliposomes to 5 μg/mL PAC-1 coated to a microtiter plate was detected after the incubation with buffer (green), 1 mM Mn^2+^ (red), 250 μg/mL fondaparinux (purple), 250 μg/mL UFH (blue) and 50 μg/mL quinine (black). Liposome sample results were subtracted from proteoliposomes values. The y-axis shows relative fluorescence units (RFU). C) Normalized single wavelength plot for corresponding MRDE values at 210 nm from far-UV region CD spectra of αIIbβ3 incorporated into liposomes/proteoliposomes treated with increasing concentrations of UFH (blue), fondaparinux (purple) and quinine (black), respectively. Normalized averages from three independent measurements ± SEM are shown as dots that were recorded with proteoliposomes with a protein concentration of approximately 0.4 μM or liposomes in 5 mm path length cuvettes at 37°C. Liposomes spectra were subtracted from the respective proteoliposome spectra. Respective trendlines were applied to guide the reader.](pone.0214969.g005){#pone.0214969.g005}

Results from the activation assay with the PAC-1 antibody coated on a microtiter plate are consistent with these QCM-D data ([Fig 5B](#pone.0214969.g005){ref-type="fig"}). The highest binding tendency of PE CF-fluorescently labelled proteoliposomes to PAC-1 is again observed after incubation with quinine or Mn^2+^ compared to the buffer control. UFH-treated proteoliposomes still show more binding of PAC-1 than fondaparinux, which is at the same binding level as the control buffer. Changes in the secondary structure of αIIbβ3 during interaction with the drugs were traced by CD spectroscopy. [Fig 5C](#pone.0214969.g005){ref-type="fig"} displays the normalized CD signal as MRDE values at 210 nm wavelength extracted from the far-UV spectra ([S3 Fig](#pone.0214969.s003){ref-type="supplementary-material"}) of proteoliposomes upon titration with rising concentrations of fondaparinux (purple), UFH (blue) and quinine (black), respectively.

The spectra show an increase in the amplitude with rising concentrations of UFH transforming into decreasing MRDE values at 210 nm ([Fig 5C](#pone.0214969.g005){ref-type="fig"}). By contrast, incubation of proteoliposomes with increasing concentration of fondaparinux resulted in insignificant changes of MRDE signal, and no amplitude changes were observed with quinine at concentrations between 0.1--1.5 μg/mL.

Within the experimental error, a linear dependence of the MRDE at 210 nm on the logarithm of the drug concentration, especially UFH, is observed. The concentration dependence of the MRDE value indicates changes in the secondary structure of integrin during drug interaction.

Discussion {#sec007}
==========

In this study we investigated the correlation between the secondary structure of αIIbβ3 reconstituted into liposomes and its activation state. A membrane-like system (liposomes) was used to exclude any additional interferences with e.g. activators in platelets and successful reconstitution was presented.

QCM-D measurements enable the analysis of the mechanism of vesicle rupture and formation of supported lipid bilayers \[[@pone.0214969.ref024]--[@pone.0214969.ref026]\], which makes the analysis of membrane proteins in physiological-like environment and interaction with other molecules feasible \[[@pone.0214969.ref027]--[@pone.0214969.ref029]\]. Although Frohnmayer *et al*. investigated αIIbβ3 egg PC/egg PG proteoliposomes and its binding to extracellular matrix in QCM-D experiments \[[@pone.0214969.ref030]\] our setup has not been previously considered for analysis of integrin interactions in a SiO~2~-supported lipid bilayer. Injection of proteoliposomes show a strong increase in *D* while the decrease in *f* is comparable to the bare liposome measurements. However, the increase in *D* is not as high as it would be observed without any supported lipid bilayer (SLB) formation \[[@pone.0214969.ref031]\]. The high dissipation was explained by a small amount of liposomes potentially remaining on the assumed substrate-covering SLB and \[[@pone.0214969.ref023], [@pone.0214969.ref031]\] the huge ectodomain of the 235 kDa large integrin ([S1 Fig](#pone.0214969.s001){ref-type="supplementary-material"}) \[[@pone.0214969.ref032]\].

QCM-D results, flow cytometry activation detection as well as activation assay demonstrated a higher binding of conformation-specific antibody PAC-1 after treatment with Mn^2+^ than with control buffer and after capturing of divalent ions by EDTA. This indicates an activation of αIIbβ3 by Mn^2+^ and supports the importance of other divalent ions such as Ca^2+^ for the activation process, that have been examined over the past years \[[@pone.0214969.ref011], [@pone.0214969.ref030], [@pone.0214969.ref033]\]. Previous MDS studies revealed eight divalent cation binding sites on αIIbβ3. The MIDAS, which is required for ligand binding, is capable for binding Ca^2+^ and Mg^2+^ ions, while the other sites are specific for Ca^2+^. The metal ions induce local structural changes in the MIDAS of integrins, which consequentially leads to a displacement of the α7-helix located in the head region by two helical turns upon the dynamics of αIIbβ3 activation \[[@pone.0214969.ref008], [@pone.0214969.ref010]\]. Although Mn^2+^ ions compete with the divalent ions and increases the ligand affinity, it is controversially discussed whether a complete activation of αIIbβ3 is reached \[[@pone.0214969.ref034]\]. Our analysis of PAC-1 binding suggests that Mn^2+^ induces indeed an active conformation. The control buffer shows an increased activation of integrin, especially in the activation assay. This indicates a partial activation that could be explained by the long incubation with the PAC-1 antibody or unspecific binding to the microtiter plate leading to activation.

Further, we addressed the question whether the activation/opening of the protein correlates to certain changes in protein secondary structure. Several recent publications identified the structure for parts of other integrin subunits by CD spectroscopy e.g. the domain I of CD11b/CD18 leukocyte integrin \[[@pone.0214969.ref035]\] or the biological active part of α3β1 integrin \[[@pone.0214969.ref036]\] and even for the cytoplasmic tail and the transmembrane domain of αIIbβ3 \[[@pone.0214969.ref037]\]. Additionally, MDS studies as well as crystal structures have shown the dynamics of integrin motion \[[@pone.0214969.ref038], [@pone.0214969.ref039]\]. However, these studies concentrated only on specific domains of proteins and/or have not taken into account the dynamic rearrangements during activation of overall integrin within a lipid environment.

The evaluation of CD spectra from proteoliposomes is complex due to solvent shifts caused by hydrophobic lipid environment, differential light scattering or absorption flattening effects \[[@pone.0214969.ref040]\]. Moreover, data quality depends strongly on the lipid-to-protein ratio, which was in our study as high as about 1000:1 \[[@pone.0214969.ref040], [@pone.0214969.ref041]\]. Therefore, lower wavelengths could not be included into the evaluation of the shown CD spectra and the data could be deconvoluted only to a limited extent. The CD results support the switchblade model for integrin activation shown by various groups \[[@pone.0214969.ref006], [@pone.0214969.ref012], [@pone.0214969.ref042]\], where a dramatic rearrangement of the global structure by a switchblade-like opening of the interface between the headpiece and stalk occurs, extending the ligand binding domain away from the plasma membrane. Nevertheless, major changes in secondary structure upon activation have not been shown in previous studies as well as in our experimental approach, which is explained by probable motion of mainly disordered regions e.g. the flexible knee region between the EGF domains of the β-subunit \[[@pone.0214969.ref006]\].

The MDS results support minor changes in the β-sheet content of the knee region of αIIb- and β3-subunit (the Calf-1 and EGF2 region, respectively), that are only visible by localizing the overall β-sheet probability changes. This could lead to a decrease in the interaction of Thigh↔Calf1 and EGF1↔EGF2, and eventually reduce the force needed to unfold the protein (e.g. in a switchblade motion after Mn^2+^-treatment). The changes in this region could get conveyed from the MIDAS site by the rearrangements of β-sheets in the β-propeller domain. With the removal of all divalent ions the secondary structure changes were stronger and almost random. They included changes in all extracellular αIIb domains. In the simulation was assumed, that EDTA coordinates and removes all divalent ions. In the experiment, certain ions might not be accessible by EDTA and remain coordinated to the integrin. This may explain the contrast in the results between MDS and experiments. If assumed that only the ions in MIDAS, AMIDAS and SyMDS are removed, the changes in protein secondary structure might be neglectable as observed in the experiments.

Our methods were applied to demonstrate that clinically relevant drugs quinine, UFH and fondaparinux have an impact on activation of αIIbβ3. Especially, the quinine-treated integrin leads to PAC-1 binding indicating the activation and opening of αIIbβ3. However, no changes in secondary structure were observed in CD spectroscopy upon titration with low concentrations of quinine.

Due to its chirality, quinine has an influence on the CD spectra, and the plasma concentration of quinine in uncomplicated falciparum malaria patients of approx. 6 μg/mL \[[@pone.0214969.ref043]\] was not attained in these measurements. The potential binding site of quinine to αIIbβ3 is involved in the transition from the bent to the active form of the integrin by a swing-out motion because of the β3 A-α7-helix movement towards the hybrid domain \[[@pone.0214969.ref008]\]. Therefore, potential binding of quinine to this domain could lead to changes in the protein structure or even to integrin activation. Two explanations are possible for the interaction and activation of αIIbβ3 with quinine. Firstly, quinine binds to αIIbβ3 and leads to an extension of the head domain (activation), which enables PAC-1 binding. Secondly, quinine mediates the contact between the PAC-1 antibody and αIIbβ3 independently from the activation state and enhances the affinity of this interaction. This was described recently for mouse quinine-dependent antibodies \[[@pone.0214969.ref044]--[@pone.0214969.ref046]\]. We assume that the interaction of quinine with αIIbβ3 activates the integrin and induces the exposure of cryptic epitopes, e.g. ligand-induced binding sites, which could lead to drug-induced thrombocytopenia \[[@pone.0214969.ref017]\].

Treatments with UFH and with Mn^2+^ result in opposite influence on the CD-amplitude, but both lead to increased binding of PAC-1 in QCM-D. Possibly, Mn^2+^ induces other changes in secondary structure than UFH, and activation of αIIbβ3 is achieved in both cases *via* different mechanisms. Additionally, activation assays indicated rising amounts of activated αIIbβ3 upon UFH treatment. Studies with other integrins, e.g. αX β2 \[[@pone.0214969.ref047]\] and αV β3 \[[@pone.0214969.ref048]\], showed heparin binding near the ligand-binding site in the integrin head domain. These regions are homologous to e.g. the A-ligand binding domain of the β3-subunit. Binding of UFH to the region containing the RGD binding pocket could lead to opening of the integrin mediating binding of PAC-1 \[[@pone.0214969.ref021], [@pone.0214969.ref047], [@pone.0214969.ref048]\]. By contrast, incubation of αIIbβ3 with fondaparinux induces neither significant activation of the integrin, nor changes in its secondary structure. Apparently, sulfated polysaccharides with different lengths interact differently with αIIbβ3, similarily to other proteins \[[@pone.0214969.ref049]\]. Besides the mechanism of platelet-factor 4/heparin complexes in heparin-induced thrombocytopenia, it is likely that heparin potentiates platelet activation *via* binding to αIIbβ3 leading to thrombocytopenia \[[@pone.0214969.ref019]\].

Our results reveal that similarly to Mn^2+^, quinine- and UFH induce αIIbβ3 activation in a membrane-like environment, but do not lead to significant changes in the protein secondary structure. This is consistent with switchblade motion that enables the movement of the extracellular parts of αIIbβ3. The exposure of these hidden regions has important clinical implications, because autoantibody binding leads to loss of self-tolerance and immunogenicity in some patients \[[@pone.0214969.ref016], [@pone.0214969.ref017]\]. Our experimental setup could be applied in prospective experiments to reveal autoantibody binding to αIIbβ3 under various conditions. In addition, the combination of the biophysical and biological tools can be applied in future to study other transmembrane proteins.

Materials and methods {#sec008}
=====================

Proteins and chemicals {#sec009}
----------------------

Human integrin αIIbβ3 was purchased from Enzyme Research Laboratories (South Bend, USA). Unless otherwise stated, all mentioned antibodies were bought from Biolegend (San Diego, USA). Dimyristoylphosphatidylglycerol (DMPG; 14:0 PG), dimyristolphosphatidylcholine (DMPC; 14:0 PC) and dioleoyl-glycero-phosphoethanolamine-N-carboxyfluorescein (PE CF) were obtained from Avanti Polar Lipids Inc. (Alabaster, USA). SM-2 biobeads were supplied by Bio-Rad (Munich, Germany). Unfractionated heparin (UFH), fondaparinux and quinine sulfate were purchased from Sigma-Aldrich (Steinheim, Germany). Protein concentration was determined by bicinchonic acid assay (BCA) kit with included protein microstandard (Sigma-Aldrich, Steinheim, Germany). Tris-Base, ethylenediaminetetraacetic acid (EDTA), bovine serum albumin and NaCl were bought from Sigma-Aldrich (Taufkirchen, Germany). CaCl~2~, MnCl~2~, Triton X-100 and methanol were purchased from Carl Roth GmbH (Karlsruhe, Germany). Sucrose and sodium dodecyl sulfate (SDS) were obtained from Merck KgaA (Darmstadt, Germany).

Reconstitution of integrin αIIbβ3 into liposomes {#sec010}
------------------------------------------------

Liposome buffer consisting of 20 mM Tris, 50 mM NaCl, 1 mM CaCl~2~ was prepared and the pH was adjusted to 7.4 with HCl. Liposomes were prepared following an adapted protocol of Erb and Engel \[[@pone.0214969.ref050]\]. Briefly, a 900 nM DMPG:DMPC (1:20) mixture were dried first under nitrogen stream and then in vacuum overnight. For the activity assays, fluorescein labeled lipids (PE CF) were added to the lipid mixture with a ratio of DMPC:DMPG:PE CF 500:25:1. Subsequently, lipids were dissolved in liposome buffer containing 0.1% Triton X-100 and 0.2 mg/mL integrin αIIbβ3 (1000:1 lipid:protein molar ratio). The solution was incubated for 2 h at 37°C and Triton X-100 was removed afterwards by adding twice 50 mg SM-2 biobeads for 210 min at 37°C. The biobeads were prewashed with methanol and ultrapure water (Sartorius, Göttingen, Germany). Non-reconstituted αIIbβ3 was separated from the proteoliposomes by ultracentrifugation at 4°C and 268,000 *g* for 24 h with a four-step sucrose gradient (2 M, 1.2 M, 0.8 M and 0.4 M in liposome buffer). The proteoliposome-containing fraction was collected and dialyzed against liposome buffer for 72 h using 8 kDa cut-off dialysis cassettes (GE Healthcare, Freiburg, Germany). These vesicles were stored at 4°C and used for experiments within four days.

Validation of protein reconstitution into liposomes {#sec011}
---------------------------------------------------

### Determination of protein concentration {#sec012}

Determination of protein concentration was done by a modified BCA adapted from Parmar et al. \[[@pone.0214969.ref051]\]. Protein microstandards or 25 μL proteoliposome samples were pipetted into a microtiter plate (Sarstedt AG, Nürnbrecht, Germany). After addition of 25 μL 0.5% SDS, 50 μL of working BCA reagent was added to each well. The plate was incubated for 2 h at 37°C and the absorbance was measured at 562 nm on a TECAN infinite M200Pro plate reader (Tecan group, Männedorf, Swizerland). The protein concentration in the samples was determined from a standard curve with the mentioned protein standard.

### SDS-PAGE {#sec013}

SDS-PAGE was carried out to detect the integrin subunits under reductive conditions upon protein reconstitution into liposomes. Liposome and integrin liposome samples were loaded to 4--12% gradient Bis-Tris SDS gels and visualized with the Pierce Silver Stain Kit (both Thermo Fischer, Darmstadt, Germany).

### Transmission electron microscopy (TEM) of negatively stained proteoliposomes {#sec014}

For the negative staining procedure, the proteoliposomes were allowed to adsorb onto a glow-discharged carbon-coated holey Pioloform film on a 400-mesh grid for 5 min. The grid was then transferred onto two droplets of deionized water and then onto a droplet of 2% aqueous phosphotungstic acid at pH 7.0 (VWR, Radnor, USA) for 30 s and finally on a second droplet for 4 min. After blotting with filter paper and air-drying, the samples were examined with a transmission electron microscope LEO 906 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) at an acceleration voltage of 80 kV. Pictures were taken with flat films with a magnification of 60,000-times. Afterwards, the micrographs were analyzed using Adobe Photoshop CS6.

### Dynamic light scattering (DLS) measurements {#sec015}

Dynamic light scattering (DLS) measurements were acquired on a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany). Liposome and proteoliposome samples were diluted in liposome buffer (1:10) and vacuum degassed for 20 min at 37°C. Subsequently, 500 μl were transferred to a 10 mm path length cuvette (Brand, Wertheim, Germany) and equilibrated 4 min at 37°C. Measurements were done at a detector angle of 173° with a refractive index of 1.45 and absorption of 0.001 with standard solvent parameters as referred to water. Each measurement consisted of 15 runs and was repeated five times. Hydrodynamic diameter data was analyzed with the Zetasizer software 7.11.

### Flow cytometry {#sec016}

Flow cytometry experiments were carried out for the validation of successful integrin reconstitution into liposomes. Integrin was detected by anti-CD61-Alexa 647 and anti-CD41 (Bio-Techne Holding, Minneapolis, USA) antibody binding. For analysis, 10 μl of purified PE CF-fluorescently labelled liposomes were mixed with 1 μL of 200 μg/mL anti-CD61-Alexa 647 and 1 μL of 500 μg/mL anti-CD41 and incubated for 30 min at room temperature (RT). The anti-CD41 antibody samples were then incubated with 1 μL of the secondary goat anti-mouse IgG-Alexa Fluor 647 (Thermo Fischer) antibody for 10 min at RT. Afterwards, samples were diluted with 290 μL liposome buffer and analyzed in a BD LSR II Flow Cytometer (Becton, Dickinson and Company; Franklin lakes, USA). Integrin activation was detected by adding 1 μL of 100 mg/mL conformation-specific Alexa 647-labelled PAC-1 IgM antibody to PE CF-liposomes in buffer, with 1 mM MnCl~2~ (control for activation) or EDTA (negative control). The FlowJo 7.6.5 software was used for evaluation.

Activation assay for proteoliposomes {#sec017}
------------------------------------

Activation assay for proteoliposomes was carried out following a protocol adapted from Ye et al. 2009 \[[@pone.0214969.ref007]\]. PAC-1 was coated on a 96 well plate (Capitol Scientific, Austin, USA) at 4°C overnight. After blocking the plate with liposome buffer containing 30 mg/mL bovine serum albumin, PE CF-fluorescently labelled liposomes or proteoliposomes were added (conditions are indicated in the graphs) and incubated for 4 h at 37°C. Unbound liposomes were washed away with liposome buffer and after addition of 100 μL 1% Triton- X-100 in liposome buffer, fluorescence was read in a microplate reader (Paradigm, Beckman Coulter, Pasadena, USA) at ex485/em535 nm. The respective liposome fluorescence signal was subtracted from the proteoliposome signal.

Quartz crystal microbalance with dissipation monitoring (QCM-D) {#sec018}
---------------------------------------------------------------

QCM-D measurements were carried out with a Q-sense Analyzer from Biolin Scientific Holding AB (Västra Frölunda, Sweden) under continuous flow of 25 μL/min driven by a peristaltic pump (Ismatec IPC-N4, Idex Health & Science GmbH, Wertheim-Mondfeld, Germany) at 37°C. SiO~2~-coated quartz crystal sensors (Biolin Scientific) were cleaned using a 2% SDS solution for 30 min at RT followed by rinsing with ultrapure water. Afterwards, crystals were dried under a stream of nitrogen and exposed for 20 min to UV-ozone (Pro Cleaner Plus, Bioforce Nanoscience, Ames, USA). Resonance frequency and dissipation were measured at several harmonics (15, 25, 35, 45, 55, 65 MHz) simultaneously. Changes in dissipation (Δ*D*) and frequency (Δ*f*) of the seventh overtone (35 MHz) are presented in the graphs. After equilibrating the system with liposome buffer (15 min), liposomes or proteoliposomes were injected into the system. After surface adsorption, the system was washed for at least 20 min with liposome buffer. For the activation state experiments, liposome buffer containing 1 mM MnCl~2~ or 5 mM EDTA was loaded into the system and incubated under continous flow for approximately 1 h. PAC-1 was finally added at a concentration of 5 μg/mL for interaction analysis followed by rinsing with the respective buffer. For drug interaction analyses, 250 μg/mL UFH, 250 μg/mL fondaparinux or 50 μg/mL quinine sulfate diluted in liposome buffer were introduced into the system for 10 min after washing and PAC-1 injection was performed subsequently. Data analysis was achieved using Q-Tools V.3.0 and QSoft401 V2.5 (both Biolin Scientific AB).

Circular dichroism (CD) spectroscopy {#sec019}
------------------------------------

CD spectra were measured with a Chirascan CD spectrometer (Applied Photophysics, Leatherhead, UK) equipped with a temperature control unit (Quantum Northwest, Liberty Lake, USA) at 37°C. Measurements at wavelengths in the range of 195--360 nm were performed with a 5 mm path length cuvette (110-QS; Hellma Analytics, Müllheim, Germany) and a protein concentration of 0.4 μM incorporated into liposomes. Spectra were recorded with a bandwidth of 1.0 nm, a scanning speed of 15 nm/min and three repetitions. For data analysis, spectra of liposomes were subtracted from proteoliposomes. For the analysis of Mn^2+^ and EDTA induced changes in the secondary structure of αIIbβ3, the sample was first measured in liposome buffer, afterwards MnCl~2~ was added to a final concentration of 1 mM and the sample was incubated 45 min before measurement. Finally, 50 mM EDTA was added to the same cuvette to a final concentration of 5 mM and incubated for 45 min at RT. For the drug titrations, respective volume of UFH (0--295 μg/mL), fondaparinux (0--122 μg/mL) or quinine sulfate (0--1.5 g/mL) were added to the cuvette and equilibrated for 5 min at 37°C before each measurement. Normalization of the data was calculated by the wavelength dependent mean residue delta epsilon (MRDE) that includes concentration *c*, number of amino acids *AA*, and path length of the cuvette *d*: $$MRDE = \frac{CD\left\lbrack mdeg \right\rbrack}{c\left\lbrack M \right\rbrack \bullet AA \bullet d\left\lbrack {cm} \right\rbrack \bullet 32.982}$$

The estimation of the secondary structural content was done by deconvolution of CD spectra by the CDNN software using a database of 33 reference proteins \[[@pone.0214969.ref052]\].

Molecular dynamics simulations (MDS) {#sec020}
------------------------------------

### Integrin model {#sec021}

For the complete bent integrin model, the NMR structure of the transmembrane domain (PDB-code: 2k9j) \[[@pone.0214969.ref053]\] and the X-ray structure of the ectodomain (PDB-code: 3fcs) \[[@pone.0214969.ref006]\] were combined. The missing residues 764 to 774 and 840 to 873 in the αIIb chain, and 75 to 78 and 477 to 482 in the β3 chain were added as random coil. After manual linking of the fragments, the structure was energy minimized and equilibrated in vacuum to relax overstretched bonds. The glycolysations and modified residues as described in the UniProt entries (P08514 and P05106) \[[@pone.0214969.ref054]\] were considered. A detailed list is provided in the Supporting Information ([S2 Table](#pone.0214969.s005){ref-type="supplementary-material"}). Seven Ca^2+^ ions and one Mg^2+^ ion, as present in the X-ray structure, were inherited. The integrin was then embedded in a membrane containing 1076 DMPC and 54 DMPG lipids (20:1), solvated and equilibrated for 350 ns in a isothermal-isobaric (NPT) ensemble to ensure that the created gap in the membrane at the integrin membrane interface is closed. Ions were added to neutralize the box and the ion content was not adjusted to physiological conditions. For a more detailed description of the simulation cell, please refer to the Supporting information [S3 Table](#pone.0214969.s006){ref-type="supplementary-material"}. In the time scale of several hundreds ns the activation and opening of integrin cannot be achieved without external forces during a MDS. Therefore, an open conformation of integrin was obtained with steered MD by constant velocity pulling. The transmembrane domain and the integrin head (β-propeller and β3 A-domain) were pulled apart from each other with a speed of 2 m/s up to complete unfolding. The real distance was restrained to the constantly increasing virtual group distance by a harmonic potential with a force constant of 50 kJ~\*~mol^-1^~\*~nm^-2^.

### Simulation parameters {#sec022}

The equation of motion was integrated with a Verlet integrator applied every 7 fs with the simulation software package GROMACS 5.1 \[[@pone.0214969.ref055]\]. This was achieved by increasing the mass of all hydrogen to 4 m.u., and reducing the corresponding heavy atom mass by the same amount (hydrogen mass repartitioning---HMR). Explicit water was described by the TIP3P model \[[@pone.0214969.ref056]\], the protein with the AMBER99SB-ildn force field \[[@pone.0214969.ref057]\], modified amino acids with the PTM force field \[[@pone.0214969.ref058]\], carbohydrates with the Glycam force field \[[@pone.0214969.ref059]\] and lipids with the Slipids force field \[[@pone.0214969.ref060]\]. Periodic boundary conditions were used. The intermolecular interactions were applied with the particle mesh Ewald (PME) method \[[@pone.0214969.ref061]\] and a grid spacing of 0.12 nm for Coulomb interactions, and van der Waals interactions with Lennard-Jones functions. Cutoffs of 1.0 nm with switching functions at 0.9 nm were used with a neighborlist distance \[[@pone.0214969.ref062]\] of 1.2 nm. All bonds were constrained with the LINCS algorithm \[[@pone.0214969.ref063]\] to the optimal distance. The temperature bath was regulated to 300 K with a modified v-rescale thermostat \[[@pone.0214969.ref064]\] for protein and non-protein separately every 100 fs. The pressure was controlled to 1 bar every 12 ps by a Parrinello-Rahman barostat \[[@pone.0214969.ref065]\]. The barostat is semiisotropic, and relaxation of the membrane in xy-direction and control of the water density by adjusting the height in z-direction are independent of each other.

### MDS of the effect of ions on the integrin structure {#sec023}

Three systems with membrane embedded integrin, water and different structural ion compositions were prepared: i) Seven Ca^2+^ and one Mg^2+^ ion as present in the X-ray structure \[[@pone.0214969.ref006]\]; ii) the three structural ions in the proximity of the active center were replaced with Mn^2+^; and iii) all structure ions were removed. Each system was first equilibrated for 350 ns in the NPT, followed by 100 ns production trajectory, and conformations were collected every 700 ps. The structural distribution and MDS secondary structure ([S1 Table](#pone.0214969.s004){ref-type="supplementary-material"}) were analyzed and predicted with the AmberTools program CppTraj \[[@pone.0214969.ref066]\] over the whole trajectory.

Supporting information {#sec024}
======================

###### Schematic illustration of the formation of a proteoliposome-derived bilayer with reconstituted αIIbβ3 on a SiO~2~ quartz sensor.

We assume in our QCM-D experiments the fusion of proteoliposomes to the substrate and the formation of a bilayer. Potentially, some proteoliposomes remain on the lipid bilayer surface. Conformation specific antibody PAC-1 (cyan) could bind to activated αIIbβ3 in a bilayer as well as to activated αIIbβ3 in liposomes.

(TIF)

###### 

Click here for additional data file.

###### Representative QCM-D data showing the changes in frequency Δ*f* (top) and dissipation Δ*D* (bottom) of the seventh overtone for the binding of PAC-1 antibody at 37°C.

Buffer was injected over the SiO~2~ sensors and after reaching a baseline, liposomes or proteoliposomes were injected and formation of a bilayer was observed. After a washing step with buffer, the bilayer was treated with the respective drugs (250 μg/mL fondaparinux, 250 μg/mL UFH and 50 μg/mL quinine sulfate), which is indicated by the first arrow and PAC-1 antibody was injected (indicated by the second arrow) followed by rinsing with the respective buffer.

(TIF)

###### 

Click here for additional data file.

###### The far-UV region CD spectra of αIIbβ3 reconstituted into liposomes titrated with drugs.

The far-UV region CD spectra of αIIbβ3 reconstituted into liposomes in buffer (dark green), and with increasing concentrations of UFH (top), fondaparinux (middle) and quinine (bottom), respectively. Representative spectra recorded for proteoliposomes with a protein concentration of approximately 0.4 μM in 5 mm path length cuvettes at 37°C are shown. Liposome spectra were subtracted from the respective proteoliposome spectra.

(TIF)

###### 

Click here for additional data file.

###### Change in the secondary structure distribution of αIIbβ3 determined by CD spectroscopy and MDS.

Changes in the secondary structure distribution between integrin αIIbβ3 in buffer environment, after addition of 1 mM Mn^2+^ experimentally or changing the three ions in the MIDAS and ADMIDAS region to Mn^2+^ *via* MDS, and after addition of 5 mM EDTA experimentally or removing all structural ions during MDS in the environment. The estimation of the experimental secondary structure content was carried out with the deconvolution of CD spectra using CDNN software. The MDS secondary structure was predicted with CPPTRAJ.

(TIF)

###### 

Click here for additional data file.

###### Amino acid modifications of the MDS model of αIIbβ3.

Amino acid modifications of the MDS model of integrin αIIbβ3. NDG and NAG are N-Acetylglucosamine in α and β form, respectively, MAN is α-Mannose and NGA is β-N-Acetylgalactosamine.

(TIF)

###### 

Click here for additional data file.

###### System setups for the particular MDS.

System setups for the particular MDS. The first five columns indicate the cell volume Cs, the number of water molecules N~W~, membrane molecules N~DMPC~ and N~DMPG~, and ions N~I~. The last two columns contain the equilibration t~E~ and data collection t~D~ times.

(TIF)

###### 

Click here for additional data file.
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